formation of mammillo-thalamic axonal tract (Alvarez-Bolado et al., 2000) . In frog 1 0 5 embryos, forced expression of Foxb1 led to increased neural induction mediated via 1 0 6 cooperation with a Pou transcription factor (Takebayashi-Suzuki et al., 2011) It is of note 1 0 7 that a human patient with intellectual disability and distinctive facial features was found In this work, by studying the transcriptomic changes, enhancer utility, molecular 1 1 1 functions, and genomic binding patterns of pB candidates, we aim to reveal the β-catenin dependent activation of early NC response genes 1 8 0 pB genes including GBX2, ZEB2, ZIC3, and SP5 were known to be regulated by 1 8 1 β-catenin (CTNNB1) signaling (Leung et al., 2016) . As expected, β-catenin was the top 1 8 2 predicted upstream regulator for differentially expressed genes found in our Het and sgRNA-KO at both day 3 and day 5 (asterisks, Fig. S4H, table S4 ). A few pB 3 4 5 candidates were also upregulated (DMBX1, OLFM3, PAX2, PKNOX2) or downregulated 3 4 6 (NRTK2, SOX21, VGLL3) indicating that FOXB1 might feedback control selected pB 3 4 7 genes (double asterisks, Fig. S4H ). Intriguingly, we also observed activation of (Table S4) . Lastly, the third class included upregulated genes (>2-fold in RPKM) such as 4 0 3 BDNF, CCL2, COL1A2, DMBX1, HHIP, LINC01405, MSX2, PAPPA, PAX7, FAT1, 4 0 4 SALL3, TFAP2B, and TLE4 (bolded, Fig. 5C ). Among the upregulated gene loci, some of 4 0 5 them were known NC genes such as EDN1, MSX2, PAX7, and TFAP2B, whereas others 4 0 6
were pB candidates (DMBX1, Fig 1F' ) or normally upregulated during NC induction 4 0 7
including CCL2, COL1A2, FAT1, HHIP, PAPPA, and TLE4 ( Fig. S1B and table S1 ). By visualizing FOXB1-binding sites within target gene loci, we found that for 4 0 9 neural progenitor gene loci, FOXB1-binding sites could be found upstream of ASCL1, 4 1 0 SOX1, and MSI1 genes (asterisks, Fig. 6A-C) . Among the FOXB1-bound elements in the 4 1 1 upregulated NC gene loci, some were intronic or located within gene bodies (PAPPA, 4 1 2 PAX7, SALL3, TLE4, FAT1, HHIP, and TFAP2B loci)(asterisks, Fig. 6D , E, S6A); others 4 1 3 were located either upstream (BDNF, CCL2, COL1A2, and EDN1 loci) (asterisks, Fig.   4 1 4 6F, S6B) or downstream (asterisks, MSX2 locus) ( Fig. 6G ). and upstream regions (14.8%) ( Fig. 6H ). We found that many FOXB1-bound elements We found significant enrichment of FOXB1 direct targets with gene sets correlated to 4 2 2 mammalian-specific phenotype, neuronal differentiation, and developmental processes 4 2 3 (Theiler stages 13 to 21) at peripheral (NC-derived) and central (neuroectoderm-derived) 4 2 4 nervous system structures ( Fig. 6J) embryos that bear resembling molecular signatures and differentiation potentials to our in 4 9 0 vitro-derived pB cells (Trevers et al., 2018) . Our current manuscript serves as a follow-up 4 9 1 study for our previous work and others, and provides the molecular framework to derive 4 9 2 pB-like cells from embryos and other differentiated cell types for developmental, stem human NC induction and neural border gene expression, expression of pB genes was 4 9 6 2 0 preserved (Leung et al., 2016) . In our expanded list of 68 pB candidates, we also found 4 9 7
that in almost all candidates tested including FOXB1, induction of these genes were 4 9 8 immune to inhibition of BMP signaling (data not shown). Such difference in responses to 4 9 9
BMP signaling hints at a potential strategic function of pB candidates in NC 5 0 0 development.
0 1
Our data identifies FOXB1 as a key factor limiting NC induction. Here, we show 5 0 2 that FOXB1 is expressed transiently in human pre-NC cells before the specification of 5 0 3 NC. We additionally show that Foxb1 expresses in chick embryos prior to the appearance 5 0 4 of the neural plate border. Lineage tracing in mouse embryos supports the notion that 5 0 5
Foxb1 is expressed in pre-NC cells and there is no evidence to suggest that it is present in 5 0 6 mature NC cells or their derivatives. FOXB1 function however is distinct from FOXD3, a pluripotent stem cell and NC factor, 5 1 0 whose expression complements FOXB1 during NC induction, and acts as an activator for 5 1 1 NC development. The fact that the neural border gene PAX7 is directly regulated by reveals that our FOXB1-bound elements are less evolutionary-conserved. More than 5% 5 1 5 of these elements are originated from the human clade (compared to <1% in control 5 1 6 elements) and up to 25% are primate or younger sequences (data not shown). We 5 1 7 postulate that evolution of these young elements could regulate NC developmental 5 1 8 processes, thereby shaping species-specific features during human and primate evolution. Indeed, we found strong primate-specific FOXB1 bound elements within key NC loci 5 2 0 such as MSX2 (+41K), EDN1 (-131K), and NR2F1 (-91K), which could potentially 5 2 1 contribute to the discrepancy between our data and murine embryo data that shows no It is assumed that NC cells retain neurogenic potential from neurectoderm 5 2 5 progenitors, which NC was believed to derive from. But, here and in our previous work other before the appearance of definitive neuroectoderm. NC cells therefore have to 5 2 8 establish its neurogenic potential in a mechanism either shared with or independent of 5 2 9 pre-neuroectoderm progenitors. We found that FOXB1 KO cells acquired a heightened 5 3 0 differentiation potential to generate mesenchymal progenitors. This was accompanied by shown for other FOX factors (Neilson et al., 2012) .
4 5
Interestingly, we also find that a significant portion of our FOXB1 peaks (>30%) 5 4 6 are occupied by the neuron subtype-specific transcription factor and an autism The early requirement of WNT/β-catenin signaling for human NC induction 5 5 1 (Leung et al., 2016; Menendez et al., 2011; Mica et al., 2013) has been reported in other factors such as GBX2 and SP5 that in turn regulate the specification, lineage 5 5 7 competency, and differentiation timing of differentiating ES cells to acquire NC fate. Previous works have demonstrated pre-broder genes GBX2 and SP5 acting upstream of 5 5 9 neural border genes to induce the latter expression (Li et al., 2009; Park et al., 2013) . We 5 6 0 propose that pro-neural crest factors such as GBX2 and SP5 could act parallel to FOXB1 5 6 1 to influence NC fate choice.
6 2
This work further suggest that the proposed transient pB cell stage has unique from which it emerges, and from later stages NC progenitors found at the neural plate 5 6 5 border and neural folds. We have confirmed early expression for several pB gene we showed that it directly regulates NC loci, temporally controls progression of 5 7 0 differentiating cells towards more advanced NC state, and carries a remarkable impact in 5 7 1 terminal differentiation driven by its early transient expression. These findings lend 5 7 2 strong support to our proposed pB state and its significance to NC ontogeny. We thank Dr. Caihong Qiu, Yinghong Ma, and Jason Thomsen at the Yale Stem Cell 5 7 6
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